In hydrodesulfurization (HDS) of dibenzothiophene (DBT) catalyzed by a supported anionic molybdenum carbonyl, [NEt4][Mo(CO)5(CH3COO)]/support (Et=ethyl group), the effects of supports (SiO2-Al2O3, Al2O3, SiO2, TiO2, NaY zeolite, HY zeolite HZSM-5, and active carbon) on catalytic activity and product selectivity were investigated in a pressurized flow reactor. The yields of hydrodesulfurization products, biphenyl (BP), cyclohexylbenzene (CHB), and bicyclohexyl (BCH) decreased in the order, SiO2-Al2O3>Al2O3>TiO2=Active carbon>SiO2>NaY zeolite=HZSM-5>HY zeolite. The rates of HDS per amount of molybdenum loaded decreased in the order, SiO2-Al2O3>TiO2>NaY zeolite>Al2O3>SiO2. When HY zeolite was used, hydrocracking occurred significantly and BP, CHB, and BCH were not produced. When active carbon was used, a substantial amount of DBT was adsorbed on it, and the material balance could not be completely obtained.
Introduction
Recently, much attention has been focussed on deep desulfurization of light gas oil1). To achieve deep desulfurization of light gas oil, it will be necessary to develop a novel catalyst for hydrodesulfurization (HDS). One of the approaches to obtain such novel catalysts for hydrodesulfurization2),3), for hydrogenation of carbon monoxide4),5), and for methathesis of olefin4),6), is to prepare one derived from supported metal carbonyl complexes. Several researchers have already reported HDS of thiophenes using supported metal carbonyl complexes2),3),7)-9). The catalysts derived from zeolitesupported Mo(CO)6 were reported to have higher catalytic activity for HDS of thiophene than those derived from molybdena-alumina3). However, those catalysts were less active for HDS of dibenzothiophene (DBT) than the conventional catalysts derived from molybdena-alumina7).
Further, although ruthenium sulfides were more active for HDS of DBT than molybdenum sulfides, the catalysts derived from ruthenium carbonyl were less active for HDS than those derived from supported RuCl38),9). Thus, the catalysts derived from the supported metal carbonyls were often less active for HDS than the conventional catalysts when metal carbonyls were loaded on the support in its neutral form7)-9 2.4. Analytical Reaction products were analyzed by gas chromatography with a FID detector (Shimadzu GC-9A) using a G-100 column (1.2mm id.; fill thick- After NO chemisorption, the XP spectra of the sampled catalyst were measured without exposing the catalyst to air. The XPS measurements were made on a Shimadzu ESCA-850 photoelectron ing energy (BE) was referenced to the C 1s band at 285.0eV attributed to an adventitious carbon. For infrared measurements, self-supporting wafers were placed in a special infrared cell which allowed to conduct dynamic treatments of sulfidation and hydrogenation.
The sample was sulf ided or hydrogenated and evacuated in situ under the same conditions as in the volumetric measure- The results are shown in Table 1 . When silica-alumina was used as a support, the total conversion of DBT was 85% and the yield of BP, CHB, and BCH was 58%. The difference between the total conversion (85%) and the yields of BP, CHB, and BCH (58%) indicates hydrocracking of DBT by hydrocracking that does not yield BP, CHB, or BCH.
However, the products of DBT conversion by hydrocracking were formed in the range C1-C11.
Although a number of peaks of hydrocracking products were detected by GC analysis, each yield was less than 1% except for benzene and toluene which could be formed by hydrocracking of the solvent, xylene. Benzene and toluene could also be formed by hydrocracking of biphenyl or cyclohexylbenzene. When the same amount of biphenyl and cyclohexylbenzene as that of DBT was added to a DBT solution, and the same reaction was performed, no detectable increase in the yield of toluene could be found.
Further, an increase in only a very small amount of benzene, which was within the range of error in GC analysis, was detected, indicating that the cracking products would be formed mainly by cracking of DBT directly and not cracking of desulfurization products. Silica-alumina without molybdenum revealed some hydrocracking activity; however, the conversion of DBT was less gested that the hydrocracking activity of the catalyst prepared from a [NEt4][Mo(CO)5-(OOCCH3)]/SiO2-Al2O3 was derived from the meant molybdenum species supported on silica-alumina.
The selectivity for BP which means the ratio of BP to the sum of BP, CHB, and BCH was less than 50%. Further, the rate of HDS, which was determined using the yields of BP, CHB, and BCH, was 0.71mol/mol-Mo/h larger than that with other supports (vide infra).
When Al2O3, SiO2, TiO2, and NaY zeolite were used instead of SiO2-Al2O3, the yield of BP, CHB, and BCH decreased and they were 35%, 20%, 31% and 14%, respectively. With these catalysts, however, the hydrocracking activity was not observed, but the selectivities for BP were 66%, 85%, 58% and 93%, respectively, and were higher than the selectivity of SiO2-Al2O3 when it is assumed that the selectivity for BP will not change with temperature so much as the conversion of DBT.
The rates of HDS decreased in the order TiO2>NaY zeolite>Al2O3>SiO2.
Although the amounts of molybdenum species loaded on TiO2 and NaY zeolite were less than those on other supports, the use of these supports showed higher rates of HDS per molybdenum atom.
The results obtained from the use of HY zeolite were different from those of Runs 1-5. The total conversion of DBT was 75%, close to that of SiO2-Al2O3.
However, a large number of products whose the carbon numbers were smaller than 12 were formed by hydrocracking, each yield being a few percent, and no HDS products such as BP and CHB were detected, indicating that the aromatic structure of DBT was significantly destroyed by the molybdenum species supported on HY zeolite. By using HZSM-5, conversion of DBT was 14% and hydrocracking activity was not observed. By the use of active carbon, the total yield of BP, CHB, and BCH was 31%. In this case, the hydrocracking activity was also not observed.
The difference between the total conversion and HDS yields would be due to the adsorption of DBT and products onto the support because the material balance was not complete within several hours of HDS run. 3.2. Catalysts Derived from Silica-Alumina Supported Systems When Mo(CO)6/SiO2-Al2O3 was presulfided with H2S in H2 (Run 9), the conversion of DBT and the yields of BP, CHB, and BCH were 31% and 26%. The rate of HDS was 0.42mol/mol-Mo/h which was much smaller than that of Run 1. The catalyst prepared by presulfidation of the Mo(CO)6-NEt3-EtSH/SiO2-Al2O3 system (Run 10) revealed catalytic activity as high as that of Run 1, indicating that the use of anionic molybdenum carbonyl species was intrinsic for high catalytic activity.
The catalyst prepared by hydrogenolysis of the Mo(CO)6-NEt3-EtSH/SiO2-Al2O3 system (Run 11) revealed the total conversion of 46%; however, the hydrocracking activity was not observed in this system. This catalyst showed higher selectivity for BP, indicating that activation of the catalyst by hydrogenolysis is difficult to form active sites for hydrogenation of the aromatic ring. For the catalyst derived from presulfidation of conventional MoO3/SiO2-Al2O3 (Run 12), the conversion of DBT reached 91%. However, the yields of BP, CHB, and BCH (the sum of the conversions of DBT into BP, CHB, and BCH) and the rate of HDS of DBT into BP, CHB, and BCH per content of molybdenum were 39% and 0.49 mol/mol-Mo/h, respectively which were much lower than those in Runs 9 and 10. This indicated that hydrocracking of a significant amount of DBT occurred on the catalyst derived from MoO3/SiO2-Al2O3.
Large amounts of hydrocarbons in the range of C1-C10 were formed but each amount was less than 1%. However, the yields of benzene and toluene were more than 1% as determined by GC analysis.
Because benzene and toluene can also be formed from xylene used as a solvent, their precise yields by hydrocracking of DBT have not been determined.
When the catalysts derived from silica-alumina supported molybdenum carbonyls were used (Runs 1, 9 and 10), the conversion of DBT by hydrocracking was much less than that in the case of MoO3/ SiO 2-Al2O3. When MoO3/Al2O3 was used (Run 13), the conversion of DBT was 38%. However, the hydrocracking of DBT hardly occurred with MoO3/Al2O3 while the rate of HDS of DBT into BP and CHB was much less than that of silicaalumina supported anionic molybdenum carbonyls and was very close to that of MoO3/SiO2-Al2O3. In order to investigate the effect of temperature, the yields of BP, CHB, and BCH were plotted and Mo(CO)6-NEt3-EtSH/SiO2-Al2O3 systems were very similar to each other. Both yields and apparent activation energies of the catalysts derived from MoO3/ SiO2-Al2O3 and MoO3/Al2O3 systems were also very similar to each other. As clearly shown in Fig. 1 , the apparent activation energies of silica-alumina supported anionic metal carbonyl systems were much larger than those of the conventional systems. Therefore, the catalytic activities of the former were larger than those of the 
. Characterization of Catalysts Derived from
Silica-Alumina Supported Systems The FTIR spectra of silica-alumina supported molybdenum carbonyls before activation were measured and are shown in Fig. 2 . When [Mo-(CO)5(OOCCH3)]-was supported on silica-alumina (Fig. 2a) , three absorptions were observed at 2,070 (w), 1,914 (vs, b=broad) and 1,873 (m)cm -1. It was reported that IR spectrum of [Mo(CO)5-(OOCCH3)]-obtained as a Nujol mull showed four absorptions at 2,035 (vw=very week), 1,985 (s=strong), 1,930 (vs=very strong) and 1,857 (m= medium) cm-110). Although the configuration of carbonyl ligands in [Mo(CO)5(OOCCH3)]-seemed to change with the deposition of the complex onto silica-alumina, the IR spectrum confirmed the presence of a mononuclear anionic molybdenum carbonyl on the support. In the Mo(CO)6-NEt3-EtSH/SiO2-Al2O3 system, five absorptions were observed at 2,068 (w), 1,993 (m), 1,944 (vs), 1,914 (m, sh=shoulder) and 1,846 (m)cm-1.
It was also reported that IR spectrum of [Mo2(CO)10SCH3]-obtained as a tetrahydrofuran solution showed six absorptions at 2,059 (w), 2,045 (m), 1,974 (w, sh), 1,942 (vs), 1,916 (m) and 1,857 (s) cm-112), This also confirmed the presence of a dinuclear molybdenum carbonyl on the support.
Further characterization of silica-alumina supported molybdenum catalysts was performed by The FTIR spectra of NO chemisorption on silica-alumina supported molybdenum catalysts are shown in Fig. 3 and the wavenumbers of nitrosyl species are listed in Table  3 . The wavenumbers of NO chemisorbed species for sulfided MoO3/Al2O3 (Run 19) were in good agreement with those reported by others14),15). The wavenumbers of the doublet peak were 1,786 and 1,688cm1), which were assigned to the dinitrosyl species adsorbed on the edge of MoS2. The wavenumbers of the peaks of silica-alumina supported catalysts distributed in the ranges 1,792-1,806 and 1,698-1,711cm-1 were slightly higher than those of sulfided MoO3/Al2O3 while their shapes were very close to each other. Although molybdenum species of the silica-alumina supported molybdenum catalysts (Runs 14-18) can be deduced collectively to be similar to those of alumina supported ones, these may not be completely the same. Some difference between alumina and silica-alumina supported catalysts can be found in their amounts of NO chemisorption and in their characteristics of XPS spectra.
The results of NO chemisorption measured are listed in Table 3 . The amounts of NO adsorption for catalysts derived from silica-alumina supported molybdenum carbonyls were larger than those for sulfided MoO3/SiO2-Al2O3 (Run 17) and MoO3/Al2O3 (Run 19). Furthermore, the amount of NO adsorption for the catalyst prepared from hydrogenolysis of the supported molybdenum carbonyl (Run 16) was much larger than that for sulfided ones (Runs 14 and 15) and that for the one prepared by hydrogen treatment of sulfided MoO3/SiO2-Al2O3 (Run 18). These results indicate that the catalysts derived from supported metal carbonyls have higher dispersion of molybdenum species than the conventional ones. It is likely that such high dispersion of molybdenum species may be related to the selectivity for BP of the catalyst, which is different from that of sulfided catalysts. The yields of BP, CHB, and BCH and the total conversion of DBT for the sulfided catalysts (Runs 1 and 10) are higher than those for the hydrogenated catalyst (Run 11). For Run 11, the formation of tetra-or hexahydrodibenzothiophene will be less than that for the sulfided catalysts because hydrogenation of the aromatic ring in DBT is difficult to occur. As a result, the conversion of DBT for the former is higher than that for the latter because HDS of tetra-or hexahydrodibenzothiophene is one order of magnitude faster than that of DBT16). This also indicates that hydrogenation of the aromatic ring is effective for achieving higher conversion of DBT. For sulfided catalysts, the relationship between the amount of NO adsorption (NO/Mo) and the rate of HDS of DBT into BP, CHB, and BCH was compared and the results are illustrated in Fig. 4 . When the amount of adsorbed NO per molybdenum loaded increased, the rate of HDS increased linearly.
NO chemisorption seemed to reflect the number of active sites for HDS as well as the extent of surface coverage or dispersion of Mo. It was pointed out that there was no linear correlation between the amount of NO adsorption and HDS activity for Ni-Mo or Co-Mo catalyst and that the deviation from linearity was probably attributed to the fact that the total NO uptake involves different contributions of chemisorbed NO on Mo, Ni (or Co), and Ni-Mo (or Co-Mo) sites15)17). Moreover, we reported similar results for the relationship between the amount of NO adsorption and the HDS activity for the catalysts derived from alumina-supported molybdenum carbonyls2a).
For alumina supports, NO chemisorption seemed to reflect the extent of surface coverage or dispersion of Mo rather than the number of active sites in HDS.
In contrast, it was likely that NO chemisorption for the silica-alumina supported catalysts reflected the number of active sites in HDS.
In Table 4 are shown the results from XPS measurements of catalysts used in NO chemisorption experiments.
Binding energy for every catalyst was very similar to that of sulfided MoO3/ Al2O3 (Run 25). The values of NO/Mo ratios and N/Mo ratios were close to each other.
However, the value of S/Mo of silica-alumina supported catalysts was smaller than that of MoO3/Al2O3. This indicated that molybdenum species of silica-alumina supported catalysts was not the same as that of alumina supported ones. This result would be due to the formation of MoS2-X on SiO2-Al2O3.
Clausen et al. reported in the study of sulfided MoO3/Al2O3 using EXAFS that Mo was predominantly present as MoS2-like domainsi17). It was also proposed that the adsorption of NO occurred mainly on Mo atoms present as MoS215). In our systems, however, it was likely that highly dispersed MoS2-X with many sulfur anion vacancies was formed on silica-alumina by sulfidation of silica-alumina supported anionic molybdenum carbonyls. 
